The c-rel protooncogene encodes a subunit of the NF-KB-like family of transcription factors. Mice lacking Rel are defective in mitogenic activation of B and T lymphocytes and display impaired humoral immunity. In an attempt to identify changes in gene expression that accompany the T-cell stimulation defects associated with the loss of Rel, we have examined the expression of cell surface activation markers and cytokine production in mitogen-stimulated Rel-/-T cells. The expression of cell surface markers including the interleukin 2 receptor a (IL-2Ra) chain (CD25), CD69 and L-selectin (CD62) is normal in mitogen-activated Rel-/-T cells, but cytokine production is impaired. In Rel-/-splenic T cell cultures stimulated with phorbol 12-myristate 13-acetate and ionomycin, the levels of IL-3, IL-5, granulocytemacrophage colony-stimulating factor (GM-CSF), tumor necrosis factor a (TNF-a), and y interferon (IFN-y) (12, (17) (18) (19) . Rel/ NF-KB has also been implicated in transcriptional regulation of other cytokine genes expressed in activated T cells (5, 18). The promoters of the genes encoding IL-3, IL-5, tumor necrosis factor a (TNF-a), granulocyte-macrophage colonystimulating factor (GM-CSF) and y interferon (IFN-3y) 
nism that involves phosphorylation and subsequent degradation of the IKB proteins (6) .
Expression of the Rel subunit is largely confined to hemopoietic cells (7, 8) . In the B-lymphocyte lineage, increased Rel expression results in a qualitative change in the subunit composition of Rel/NF-KB proteins during the transition from a pre-B to a B cell (9) (10) (11) . A rapid increase in nuclear levels of Rel (9, 12, 13) and increased c-rel transcription (14) during mitogenic activation of B and T cells implicates Rel in lymphocyte proliferation. Such a function is also supported indirectly by the ability of the avian viral oncogene v-rel to transform both B and T cells (15) . While genes regulated by Rel/NF-KB that are critical for B-cell proliferation are yet to be identified, Rel is implicated in the transcription of a number of genes that are thought to be crucial for T-cell activation (5) . Rel up-regulates the transcription of human interleukin 2 receptor a (IL-2Ra) chain promoter reporters (16) and Rel/ NF-KB is involved in IL-2 transcription (12, (17) (18) (19) . Rel/ NF-KB has also been implicated in transcriptional regulation of other cytokine genes expressed in activated T cells (5, 18) . The promoters of the genes encoding IL-3, IL-5, tumor necrosis factor a (TNF-a), granulocyte-macrophage colonystimulating factor (GM-CSF) and y interferon (IFN-3y) contain KB sites or the KB-related CK1/CD28 response element (CD28RE; refs. 20 and 21). The CD28RE, which is involved in IL-2 (20) and GM-CSF (22) transcription, has recently been shown to bind Rel/NF-KB complexes (21) .
To better understand the physiological role of Rel, we have used gene targeting to generate mutant mice with an inactivated c-rel gene (19) . In these mice, the development of cells from all hemopoeitic lineages appears to be normal, but humoral immunity is impaired. Mature B and T cells are largely unresponsive to a number of mitogenic stimuli and IL-2 expression is reduced in activated T cells (19 Splenic T cells of -90% purity isolated as described (19) Cytokine Assays. The levels of IL-3, IL-5, TNF-a, and GM-CSF in T-cell culture supernatants were determined by ELISA (Pharmingen, San Diego, CA) according to the manufacturer's instructions. IL-3 levels were also determined by bioassay using IL-3-responsive 32D cells (26) , and the level of IFN-,y was" detected by using the IFN-3y sensitive cell line WEHI279 as described (27) . GM-CSF levels produced by stimulated peritoneal macrophages were determined by bioassay as described (28) . All cytokine assays were standardized by including a titration of the appropriate purified recombinant cytokine of known activity.
RESULTS
The Expression Pattern of T Cell Surface Markers Is Normal in Mitogen-Activated Rel-Deficient Cells. Although expression of a wide range of cell surface markers was shown to be normal in naive Rel-deficient T cells (19) , a lack of response to certain modes of activation prompted a study of surface marker expression during mitogenic stimulation. Changes in expression of a number of surface markers normally occurs with the onset of T-cell activation. CD69 (29) , CD25/IL-2Ra chain (30) , CD44/Pgpl (30) , and the Fas/ Apo-1 (CD95) receptor (31, 32) are all up-regulated during T-cell stimulation, while L-selectin/CD62 (33) and the CD45 isoform CD45RB (33) (35) . Since Rel expression is largely confined to hemopoietic cells (7, 8) , GM-CSF production was also examined in macrophages from Rel-/-mice. In contrast to the reduced GM-CSF levels secreted by mitogen-stimulated Rel-/-T cells, resident Rel-/-peritoneal macrophages treated with lipopolysaccharide for 24 or 48 hr produce 10-to 50-fold more GM-CSF than normal macrophages (Fig. 2) (38) may explain the basis of this unexpected species-specific difference. The KB site in the human IL-2Ra chain promoter, 5'-GGGAATCTCC-3', differs from the sequence in the mouse gene, 5'-GGAATCCCCC-3', the latter of which is a poor consensus binding site for Rel/NF-KB proteins (1, 3, 39) . Collectively, these findings suggest that Rel is not important in murine IL-2Ra chain gene expression.
In contrast to the regulation of cell surface markers, cytokine gene expression is perturbed in Rel-/-T cells. The levels of IL-2 (19), IL-3, IL-5, GM-CSF, TNF-a, and IFN-y were low or undetectable in concanavalin A or anti-CD3 plus anti-CD28-stimulated Rel-/-T-cell cultures. Rescuing the proliferation of Rel-/-T cells by adding IL-2 revealed that IL-5, TNF-a, and IFN-y production was restored to normal levels, but expression of IL-3 and GM-CSF remained much lower than in the normal T-cell cultures. These findings indicate that in this system expression of some but not all cytokine genes appear to be directly controlled in part by Rel and that cytokine production rather than cell surface marker expression may be a more accurate gauge of T-cell activation. While the ability of exogenous IL-2 to restitute normal expression of None  <30  <30  <30  <30  <30  <30  <30  <30  <1  <1  IL-2  <30  <30  <30  <30  <30  <30  <30  <30  <1 Specific cytokine levels produced by T cells stimulated for 72 hr were determined by comparing supernatant activities with those of purified recombinant cytokine standards and were converted to pg/ml or ng/ml. Means ± SD for IL-3, IL-5, GM-CSF, and TNF-a were determined from four to six separate experiments. IFN-7 levels are means of two experiments. <, Cytokine activities lower than the limit of sensitivity for detection by either cytokine ELISA or bioassay; ND, not determined.
certain T-cell cytokines is consistent with cytokine production being intimately linked to proliferation, it remains a formal possibility that the IL-2-mediated rescue of IL-5, IFN-y, and TNF-a expression in anti-CD3 plus anti-CD28-treated Reldeficient T cells is associated with an aspect of T-cell activation that is independent of the IL-2-dependent proliferative response.
The transcriptional control regions of the IL-2, IL-3, and GM-CSF genes share a number of regulatory sequences including the CK1 or CD28RE, which is distinct from but related to the KB motif and has been shown to bind complexes containing NF-KB1, RelA, and Rel (21) . A compilation of CD28REs within cytokine gene promoters is shown in Fig. 3 
